Phase variation of surface components is an important mechanism by which bacteria can adapt rapidly to an ever-changing environment. Phase variation is a reversible switching on and off of genes, resulting in the expression of phenotypes that vary within a clonal population. The rate of phase variation is variable but may occur at a high frequency. There are several known molecular mechanisms responsible for bacterial phase variation, including slipped-strand mispairing, Damdependent epigenetic DNA methylation, various types of DNA inversion, gene conversion, and site-specific recombination [1, 2] . In the human-specific opportunistic bacterialpathogenHaemophilusinfluenzae, slipped-strand mispairing is the most wellknown and studied mechanism of phase variation. Slipped-strand mispairing may occur when short or simple sequence repeats (SSRs) of nucleotides occur anywhere within the open reading frame (translational regulation) or within or upstream of the promoter region (transcriptional regulation) [3] . During DNA replication, if SSRs are present in the coding region, slippage of one DNA strand may result in the insertion or deletion of a repeat unit by excision/repair, which could then place the open reading frame out of frame with the start codon. If a stop codon occurs prematurely, translation is interrupted, resulting in a nonfunctional protein. The SSRs present in phase-variable genes usually consist of mono-, di-, or tetranucleotides, but more may occur, particularly in eukaryotic genomes [4] . Furthermore, the phase-variation rate correlates with the number of repeats present [5] .
H. influenzae has a small genome (<2 Mb), and therefore phase variation through slipped-strand mispairing is a simple regulatory mechanism by which the bacteria can modify their phenotype to adapt to various niches within their host. Analysis of the genomes of sequenced bacterial strains has identified a number of genes with SSRs that would predictably undergo phase variation through slipped-strand mispairing. Such genes include those responsible for lipopolysaccharide (LPS) or lipooligosaccharide (LOS) biosynthesis, iron acquisition, fimbriae, and adhesins [3, 6, 7] . Phase variation of surface or extracellular components also results in antigenic heterogeneity, which may enable bacteria to avoid host defense mechanisms. One well-established mechanism for evading host immunity is phase variation of LOS epitopes. LOS is a type of LPS that lacks the repeating O-antigen side chain that is typical in most enteric and environmental Gram-negative bacteria. LOS is commonly expressed by some, but not all, species of Pasteurellaceae, including H. influenzae. However, the LOS of H. influenzae and others also differs from LPS by the presence of oligosaccharide side chains consisting of common hexoses and amino-hexoses extending from 3 heptose residues that are present in the inner core of the LOS [8] . One or more of these oligosaccharide side chains may mimic host oligosaccharides, such as lacto-N-neotetraose (galactose-β [1] [2] [3] [4] 
, which is also present in host glycosphingolipids such as paragloboside and in some glycoproteins [9, 10] . Antigenic mimicry of host components presumably enables the bacterium to avoid recognition by the host immune system [10] . Furthermore, the terminal galactose on the lacto-N-neotetraose chain can be sialylated with N-acetylneuraminic acid [11] , which is also a normal component of host tissues. Part or most of the oligosaccharide chain and sialic acid are subject to phase variation in H. influenzae because the genes containing these SSRs encode for glycosyltransferases involved in LOS biosynthesis. As a result, truncation and compositional changes in the oligosaccharide chains of the LOS can occur [7] .
In addition to switching on and off antigens that mimic host epitopes, variation in surface antigens expressed may enable the bacteria to avoid the specific host immune response. In the bovine-specific pathogen Histophilus somni (a close relative of H. influenzae), compositional phase variation in the LOS results in antigenic phase variation that enables the bacterium to avoid specific antibody-mediated immunity [12] . Therefore, although phase variation is a random event, the predominant phenotype in the population may be selected for by pressure from the host immune response.
Phase variation may also be important in host colonization and resistance to innate immune defenses. Adherent strains of H. influenzae type b express pili that are not present on nonadherent variants of the same strain. Furthermore, proteins corresponding in size to pilin subunits have been demonstrated on H. influenzae type b strains recovered from the nasopharynx of children but not on isolates with the same outer membrane protein profile from the cerebrospinal fluid of the same children [13, 14] . Therefore, pili may aid in nasopharyngeal colonization of the host, but the pili may need to be lost before the bacteria can invade and disseminate.
Expression of phosphorylcholine (ChoP) on the LOS of H. influenzae is phase variable through 5′-CAAT-3′ repeats in licA (which encodes choline kinase) [15] . ChoP, found in sphingomyelin and other host components and several mucosal bacteria, is associated with adherence and colonization through binding to the platelet-activating factor receptor on host cells [16] and with modulating the accessibility of bactericidal antibody to cell surface components [17] . However, ChoP also binds to C-reactive protein in the bloodstream, which results in activation of the classical complement pathway and killing of the bacteria [18] . Elegant experiments with nontypeable H. influenzae involving infant rat [18] and chinchilla [19, 20] models show that there is good correlation between expression of ChoP and nasopharyngeal colonization (middle ear colonization of chinchillas, as well). Likewise, there is an associated loss of ChoP on isolates recovered from the blood and cerebrospinal fluid of infant rats [21] . licA is also phase variable in the related bovine pathogen H. somni. In a respiratory challenge model that involved the natural host, Elswaifi et al [22] showed that the ChoP-positive phenotype of H. somni predominated in the upper respiratory tract, but the ChoP-negative phenotype predominated in isolates from systemic sites. Therefore, expression of ChoP is favored to support colonization, but bacteria that have turned off ChoP expression predominate in systemic sites, presumably to avoid C-reactive protein-mediated complement activation.
Nontypeable H. influenzae is a humanspecific pathogen that is responsible for otitis media in children, chronic obstructive pulmonary disease (COPD) in adults, and occasionally other infections [23] . Therefore, animal models may only give an approximation of how bacterial virulence factors interact with the human host. Studies of pathogenic bacteria in humans are difficult to perform and may be limited in scope by institutional review boards. In this issue of the Journal, Poole et al [24] report an investigation of phase-variable genes in nontypeable H. influenzae strain 2019 that was performed to determine which genes phase varied on or off during experimental human nasopharyngeal colonization. Strain 2019 is a clinical isolate recovered from a patient with COPD and chronic bronchitis. Fourteen genes that have ≥12 SSRs and, thus, are considered potentially phase variable were identified in strain 2019 by sequence analysis. Seven contributed to LOS biosynthesis, 5 contributed to iron acquisition (one of the latter was not studied), one encoded a DNA methyltransferase, and 1 encoded an immunoglobulin A (IgA) protease. Volunteers were inoculated in the nasopharynx with a streptomycin-resistant clinical isolate of strain 2019. Nasopharyngeal isolates of H. influenzae were recovered over a 6-day colonization period on selective medium, and the investigators determined the number of SSR repeats and, in some cases, whether the gene was expressed. Of the 13 genes examined in the isolates recovered over the 6-day trial period, only 2, licA and igaB, were found to significantly phase vary over the course of the study. licA, which encodes the choline kinase responsible for ChoP synthesis, shifted on average from being predominately off (with 2% of the inoculating strain having a phase-on status) to 18.8% on by day 3 and 25% on by day 6, as determined by pyrosequencing. This shift was supported by fluorescent antibody reactivity in an individual sample that contained bacteria whose population genotype was >60% on for ChoP expression. These results support that ChoP expression is turned off in the bacteria (the challenge strain) exposed to an inflammatory response (bronchitis). Patients with chronic bronchitis have been reported to have lower serum levels of complement components C3 and C4 than healthy subjects, suggesting that sustained activation of complement has been occurring [25] . Therefore, turning off ChoP, which can bind C-reactive protein and activate the classical complement pathway [18] , in sites containing complement would be advantageous to the bacteria. As expected, the bacterial population gradually shifted to a greater percentage of cells expressing ChoP in the human nasopharynx, presumably to aid in colonization of that site. Had the study continued for a longer period, it is likely that the average number of cells in the population expressing ChoP would have increased further.
IgA, particularly IgA1, is the predominant immunoglobulin on mucosal surfaces and is important in host defense against mucosal pathogens [26] . Opportunistic pathogens that express an IgA protease and whose normal niche is the mucosal surface have an advantage for persisting in such sites. Most strains of H. influenzae produce an IgA protease, encoded by iga [27, 28] . However, some strains of nontypeable H. influenzae recovered from patients with COPD produce a second IgA protease (igaB), which has homology to an IgA protease from Neisseria meningitidis, may be responsible for the predominant IgA protease activity in these strains [29] , and contains a SSR consisting of 5′-AAATTCA-3′ [30] . Poole et al [24] found that igaB was also predominately phase off in the strain 2019 population (average phase-on prevalence, 3.8%), but a significant percentage of the population (average, 12.5%) converted to phase on by day 6. Since IgA protease is secreted from the cells [31] , it may not be necessary for all the cells to produce the enzyme for the population to benefit from its capability to neutralize IgA.
Poole et al [24] also reported that the phase on expression of lex2A almost doubled over a 4-day colonization period but then diminished again. Although the change in expression was not significant, a longer study may have established whether expression of lex2A is also important in colonization. The functional activity of the protein encoded by lex2A is not clear, except that it is involved in LOS biosynthesis and likely forms an operon with lex2B [32] . Lex2B is a glycosyltransferase that can either attach glucose or a galactose to the first glucose on the oligosaccharide chain extending from the proximal heptose [33] . A mutation in lex2A or lex2B results in truncation of the H. influenzae oligosaccharide chain and may affect virulence [32] . It is possible that the full oligosaccharide chain has a role, albeit a minor one, in colonization, either as an adhesin or in resistance to some antibacterial surface activity. Additional work would be needed to clarify the function of Lex2A in this regard. The other 11 genes examined did not phase vary significantly, indicating that they may not play an important role in colonization. Genes encoding for proteins needed for iron acquisition were continuously phase on in a substantial portion of the population throughout the study, suggesting the constant need to obtain iron from the host. Most of the genes required for LOS biosynthesis and others that did not significantly change in expression during this study may be more important to survival of the bacteria in systemic sites during infection, rather than during colonization. However, an investigation to support this hypothesis in the human host has yet to be done.
The study by Poole et al [24] was limited to the investigation of colonization of healthy subjects during a relatively short period. Nonetheless, the authors provide direct, novel evidence that 2 genes in nontypeable H. influenzae phase vary from off to on in association with early colonization of the human nasopharynx. Although it is not clear from this work whether constitutively expressed factors may also contribute to colonization, it would appear that the ability of a bacterium with a small genome to switch on and off particular genes can be advantageous to survival in multiple niches in a single host. This important article supports and extends previous work in animal models, in situ, and in vitro [16] [17] [18] [19] [20] [21] 34] 
